terial cultures in identifying the particular bacterial species responsible for a given epizootic. Abstract. Previously, the authors described a multiplex reverse transcriptase-polymerase chain reaction (PCR) assay for detection and typing of bovine viral diarrhea virus (BVDV) from blood of persistently infected (PI) cattle that could be used with or without RNA extraction. In the present study, the PCR assay was evaluated for its ability to detect BVDV in young calves as a screening tool for detection of persistent infections. Both methods, PCR after RNA extraction (rPCR) and the direct method without RNA extraction (dPCR) were applied and compared with virus isolation (VI) with diagnostic specimens. From 450 whole blood samples from Ontario calves, 47 and 39 samples were positive by rPCR and VI, respectively. From the 47 samples positive by rPCR, 45 (96%) also were positive by dPCR when samples were tested both undiluted and diluted 1:10. In comparison to VI, the relative sensitivities of both PCR assays were 100%. Examination of the results indicates that both PCR assays can be used for screening calves for persistent infection with BVDV.
A comparison of polymerase chain reaction with and without RNA extraction and virus isolation for detection of bovine viral diarrhea virus in young calves
Bovine viral diarrhea virus (BVDV) causes a number of diverse diseases in cattle including enteritis, reproductive and respiratory disorders, hemorrhagic syndrome, persistent infections, and mucosal disease. 3 The importance of BVDV as a pathogen is indicated by the large number of vaccines (Ͼ140) that exist for the virus 17 and the announcement in recent years of BVDV eradication programs in some Euro-pean countries. 4 Whether controlled by vaccination or eradication (without vaccination), an important element in the control of BVDV is the identification and removal of persistently infected (PI) animals from infected herds.
Bovine viral diarrhea virus is a member of the pestivirus genus in the family Flaviviridae, a group of small enveloped RNA viruses. 21 Bovine viral diarrhea virus is now recognized as comprising 2 distinct genotypes or species, type 1 (BVDV I) and type 2 (BVDV II). 15, 16 Virulent strains of BVDV II have been associated with severe disease outbreaks of hemorrhagic syndrome and acute BVD in Canada and the United States in recent years. 9, 15, 16 Persistent infections may occur when the fetus becomes infected during the first 4 months of gestation. 2 Calves born PI may appear normal or show stunted growth but invariably succumb later in life to mucosal disease, a fatal condition characterized by gastrointestinal erosions and severe diarrhea. 5, 8 Persistently infected cattle have lifelong infections, continuously shed virus into the environment, and often are the prime source of virus for new infections in a herd.
Diagnostic methods for the detection of PI animals include virus isolation in cell culture, antigen-capture enzymelinked immunosorbent assay (ELISA), and immunohistochemistry. 13 Virus isolation and antigen-capture ELISA are methods that appear to be sufficient for the detection of persistent infections among older animals, but several reports have indicated that colostral antibodies may interfere with both methods for detection of BVDV in young calves, especially when serum is tested. 6, 7, 14, 19 As a nucleic acid-based assay, polymerase chain reaction (PCR) should not be subject to interference by colostral antibodies and may be a better method for screening young PI calves. Recently, a multiplex PCR was developed for detection and typing of BVDV from infected cell culture supernatants and whole blood. 11 In that study, the discovery was made that the PCR assay could be used with culture supernatants or whole blood samples directly, without RNA extraction. In the present study, both PCR methods (with and without RNA extraction) were examined for testing young calves for infection with BVDV in a comparison to virus isolation from leukocytes harvested from blood submitted to the diagnostic laboratory.
Four hundred fifty blood samples from 439 Ontario calves collected in 1998 to 2000 were tested ( Table 1 ). For the majority of samples, the recorded age of the calves at initial testing was Յ3 months. The calves were from approximately 69 herds. Many of the herds tested had a history of infection with BVDV and much of the testing was specifically for calf screening and culling in problem herds. Eleven samples were resubmitted samples, collected Ն3 weeks after the first sample or at Ն3 months of age, to confirm a PI status. Although 20 ml of ethylenediaminetetraacetic acid (EDTA) whole blood were requested for virus isolation, occasionally only 5-or 10-ml volumes were submitted by the veterinary practitioner for testing. In addition, although the anticoagulant recorded was EDTA in the majority of cases, the anticoagulant for some samples was heparin or it was not identified. Before processing, blood was refrigerated for virus isolation and stored at Ϫ70 C for PCR.
For virus isolation, whole blood was centrifuged at 800 ϫ g for 10 minutes. Leukocytes (buffy coat) were removed from the plasma interface and washed once by centrifugation at 300 ϫ g for 10 minutes in 5 ml of sterile phosphatebuffered saline (PBS) containing 0.1% gentamycin. After discarding the PBS, the cell pellet was resuspended in 0.8 ml of virus transport medium and stored at Ϫ70 C. Upon thawing, 200 l of the suspension was inoculated onto tube cultures of embryonic bovine spleen cells 9 and incubated at 37 C for 1 week. A second passage of 1 week was performed on coverslip cultures. Subsequently, inoculated cells on coverslips were fixed in 100% acetone. Viral antigen was detected by using pooled BVDV monoclonal antibodies 15C5 and 20.10.6 10 in an indirect immunofluorescent assay. 9 For nested multiplex PCR with RNA extraction (rPCR), methods used for RNA extraction, reverse-transcription (RT), and PCR have been described previously. 11 Briefly, RNA was extracted from 100 l of whole blood by using the reagent TRIzol. a One microliter (1/25th) of the extracted RNA was added to reaction mixtures for single step RT-PCR. The product was used in a secondary PCR. Both primary and secondary (multiplex) PCR primers are based on NS5B (polymerase) gene sequences. Final amplification products of 360 and 604 bp were observed for BVDV I and BVDV II, respectively. For direct nested multiplex PCR without RNA extraction (dPCR), 1 l of whole blood (undiluted or diluted 1:10 in PBS) was directly added to the RT-PCR mixture. Conditions, primers, and cycle times were identical to those for rPCR. The final PCR products were electrophoresed on a 2% agarose gel, stained with ethidium bromide, and visualized under ultraviolet illumination.
From the 450 whole blood samples, including 11 resubmissions, 39 and 47 samples were positive by virus isolation (VI) and rPCR, respectively ( Table 2 ). All 39 VI-positive samples were positive by rPCR for a relative sensitivity of 100% for rPCR. Eight samples were VI negative and rPCR positive. All of these 8 samples were first submissions. Resubmissions were obtained from 4 of these calves. By testing of resubmitted blood, 2 calves were confirmed to be PI by both VI and rPCR and 2 were confirmed to be non-PI (virus negative by both methods). Of the other 4 calves, 3 were unavailable for rebleeding and 1 calf died before a second sample could be taken.
All 47 rPCR-positive blood samples and 50 negative samples from BVDV-positive herds were tested by dPCR ( Table  3 ). All 39 samples that were positive by VI also were positive by dPCR for a relative sensitivity of 100% for dPCR. In addition, 6 of the 8 VI-negative and rPCR-positive samples were positive by dPCR. All negative samples were also negative by dPCR. Table 3 shows the combined results of dPCR testing of undiluted blood and blood diluted 1:10. Without dilution of the blood, only 33 of the 39 VI-positive samples were dPCR positive. In contrast, all 39 VI-positive samples were posi- † Number of calves negative on the initial test but that were positive by polymerase chain reaction (PCR). ‡ One calf was less than 2 months of age; for the other, the age was unspecified. § Seven calves were tested by virus isolation only on the first bleeding (tested before this study). Eight additional calves were identified in this study. All 15 calves were confirmed persistently infected by virus isolation and PCR on the second bleeding. tive in dPCR when the blood was diluted 1:10. For the 8 samples that were VI negative and rPCR positive, 4 samples were positive by dPCR with both sample conditions, 1 sample was positive when diluted only, and another was positive only in the undiluted condition.
Comparing rPCR and dPCR, the intensity of PCR product bands visualized on agarose gels for different samples was most consistent for rPCR. Only 2 product bands produced by rPCR were considered to be weak. In both cases, the samples that gave weak bands by rPCR were VI negative. For dPCR, 6 and 12 product bands were considered to be weak when samples were tested diluted and undiluted, respectively. These were observed for both VI-positive and VI-negative (rPCR-positive) samples.
A summary of the 14 herds with viremic animals is shown in Table 4 . All herds, with 1 exception, had calves infected with 1 BVDV type: 8 herds were infected with BVDV II and 5 herds were infected with BVDV I, as determined by multiplex PCR. Both BVDV types were isolated from herd B. During the course of this study, 7 of these herds had multiple PI and viremic calves. Several of these, and herd M with a single positive calf, had calves that were VI negative and PCR positive.
Because colostral antibodies in PI animals decline rapidly and are expected to be absent by the time a calf reaches 3 months of age, 7,14 available VI-negative and PCR-positive calves were retested for BVDV at or after this age. At the same time, if serum was collected, it was tested for antibodies. Of 4 calves that were initially VI negative and PCR positive, 2 calves were confirmed as PI on rebleed samples and had no BVDV antibodies at retesting, whereas the other 2 calves that were BVDV negative by VI and PCR at second bleeding had high neutralizing antibody titers of Ն1/768, indicative of a previous acute infection.
In comparison to VI, both PCR methods gave a 100% relative sensitivity. Initially, in this study, only undiluted blood samples were tested by dPCR, as was done in the previous study. 11 However, the discovery was made early in this study that several VI-positive samples gave negative results when the sample was tested undiluted. These results were unexpected because the dPCR assay did not produce any false-negative results for 22 positive, undiluted blood samples previously tested. 11 It was considered that some blood samples may be inhibitory to PCR. Thus, in addition to testing samples undiluted, samples in a diluted condition were tested as well. When samples were diluted 1:10, dPCR was found to give positive results for all VI-positive samples and a majority of VI-negative and rPCR-positive samples. These results indicate the presence of PCR inhibitors in some blood samples whose effect could be mitigated by dilution. The finding that dPCR produced weak product bands more often than did rPCR might also, at least partially, be explained by inhibitory influences in blood because the dPCR is expected to be only 4-fold less sensitive than rPCR based solely on the volumes of RNA and blood used in the assays. 11 Thus, possible improvements to dPCR might involve substitution of the DNA polymerase (Taq) with another thermostable polymerase such as HotTub, Pwo, rTth, or Tfl, DNA polmerases that appear to be less inhibited by blood. 1 Heparinized blood also should be avoided when using dPCR because heparin is known to be inhibitory to PCR. 12 However, overall, the dPCR with sample dilution performed well and did detect BVDV in 2 first submission samples from confirmed PI calves that were missed by VI. Furthermore, dPCR has a great advantage in that it is a much simpler assay to perform than rPCR, particularly when screening many samples. It is also noted here that, since the previous study, 11 dPCR, without sample dilution, has been used to excellent effect for the routine typing of isolates propagated in cell culture. Eighty Ontario isolates have been typed in this manner without a single unsuccessful amplification.
The rPCR assay detected the greatest number of samples as positive, 2 more than dPCR and 8 more than VI. Samples that showed a negative reaction in other tests were confirmed to be positive by rPCR by repeat testing of the same sample. In the 2 cases where the rPCR was the only test giving a positive result, rebleed samples could not be obtained to determine the calves' final status. One cannot totally rule out cross-contamination as an explanation for samples that are only rPCR positive. However, rPCR has been shown to be a more sensitive test than dPCR, 11 and thus one would expect some samples with very low titers (e.g., in case of an acute infection) to be negative by the latter assay. For 2 other cases where the initial submission was VI negative and rPCR and dPCR positive, the final status was BVDV negative on rebleed testing. These animals also had high antibody titers at resubmission. Thus, it is possible and perhaps likely that these latter calves were undergoing or recovering from an acute infection and that virus titers were very low at the time of the first submission.
The VI results in this study are consistent with previous findings that have shown that attempted VI from serum or leukocytes of young PI calves may produce some false-negative results. 7, 14 Of the 8 VI-negative and PCR-positive samples observed, 2 samples were from confirmed PI animals. Two were from non-PI calves. Of the other 4 calves, 1 is strongly suspected to have been PI. This calf died before second collection of blood could be made and was a cohort of a confirmed PI calf. Because survivability of PI calves is low, BVDV-positive calves that die before a second sample can be collected and tested are considered to be probable PI animals. 20, 22 Therefore, it is suspected that 3 out of 16 (19%) confirmed and probable PI calves may have been missed by performing VI alone.
In a previous study, viremia was not detectable in the serum of 7 PI calves with colostral antibody titers, which were as low as 1/16-1/24. 14 In another study involving 4 PI calves, only 1 calf, which had the highest virus titer (10 6.5 ) before colostrum ingestion, was detected as viremic after ingestion of colostrum when serum and leukocytes were tested. 7 In the present study, serum was not routinely collected for determining virus neutralizing antibody titers at the time of blood collection for initial VI testing, so how many PI and viremic calves in this study had received colostral an-tibodies is unknown. If the dam had been PI, no colostral antibodies to BVDV would have been expected because of the dam's immune tolerance. 2 Alternatively, if the dam had high levels of antibody, such as can occur after recent infection, then these would be passed to the calf in colostrum. The majority of the PI and viremic calves likely did ingest colostral antibodies to BVDV. Colostral antibodies may have interfered with virus isolation, causing the VI-negative results observed in this study. Because leukocytes were washed before inoculation of cells, it is suspected that remaining residual antibody may have neutralized virus infectivity. Alternatively, small-volume samples may not have provided sufficient leukocytes for optimal recovery of virus in cell culture in some cases or other factors in the cell culture-virus isolation procedure may have been less than optimal.
The half-life of colostral antibodies to BVDV in PI calves has been found to be much shorter (at 5-11 days) than in non-PI calves (at approximately 3 weeks). 14 Presumably, the rapid clearance of maternal antibody in PI calves is due to the continual production of virus in these animals. Clearance of antibody in PI calves may occur by 8 weeks of age, at which time viremia can be detected. 7, 14 However, it has been generally recommended that if calves under 3 months of age are tested by VI that they be retested at 3 months of age. 7, 18 Identification of PI calves as soon as possible is desirable for culling of these animals and to prevent infection of pregnant animals. A great advantage of PCR is that PI calves can be identified quickly without interference from colostral antibodies. Furthermore, for ranged beef cattle, samples for screening are most conveniently collected at branding when a significant proportion of calves may still have colostral antibodies. These can be tested with greater confidence by PCR. The need to retest ranged beef calves to confirm a PI status may mean an initial test at calving, or holding or rounding up ranged cattle at or after branding. Management of sample collection for testing beef calves may be problematic, but in comparison to other methods, PCR offers great flexibility in regards to when testing and retesting can be done reliably.
